Abstract Purpose: Previous research has shown that the intertumoral maximum standardized uptake value (SUV Max ) of F-18 fluorodeoxyglucose (FDG)^positron emission tomography (PET) for cervical cancer predicts disease outcome. The purpose of this study was to evaluate the pretreatment intratumoral metabolic heterogeneity of FDG. Experimental Design: This is a prospective cohort study of 72 patients with International Federation of Gynecology and Obstetrics stages Ib1 to IVa cervical cancer treated with chemoradiation. Three-dimensional FDG-PET threshold tumor volumes were calculated using image segmentation and an adaptive thresholding method for the primary cervix tumor from the pretreatment FDG-PET/computerized tomography. Intratumor heterogeneity was obtained for each patient's cervical tumor by taking the derivative (dV/dT) of the volume-threshold function from 40% to 80%. The association between intratumoral heterogeneity and tumorspecific factors and patient outcomes were determined. Results: The mean cervix tumor SUV Max was 12.4 (range, 3.0-38.4). The mean differential tumor heterogeneity was -1.074 (range, -0.107 to -5.623).There was no association between dV/dTand SUV Max (R 2 = 0.069), but there was a relationship with dV/dT and tumor volume (R 2 = 0.881). There was no correlation of dV/dT with tumor histology (P = 0.4905). Heterogeneity was significantly associated with the risk of lymph node metastasis at diagnosis (P = 0.0009), tumor response to radiation as evaluated by FDG-PET obtained 3 months after completing treatment (P = 0.0207), risk of pelvic recurrence (P = 0.0017), and progression-free survival (P = 0.03). Conclusions: Cervical intratumoral FDG metabolic heterogeneity on the pretreatment FDG-PET predicts risk of lymph node involvement at diagnosis, response to therapy, and risk of pelvic recurrence.
It is understood that, on a microscopic level, tumors are heterogeneous (1 -3) . Evaluation of tumor microenvironments has shown heterogeneity relating to variation in tumor responsiveness to treatment (4, 5) , degree of vascularity (6, 7) , hypoxia (1, 7, 8) , proliferation rates (7), energy metabolites, and gene expression (9 -11) . Although tumor heterogeneity has been shown within these tumor microenvironments, intratumoral heterogeneity across the entire volume of primary tumors in humans has not been quantified or analyzed for its association with outcome measures. F-18 fluorodeoxyglucose (FDG)-positron emission tomography (PET) imaging allows intratumoral heterogeneity to be assessed using objective criteria.
Cervical cancer is an example of a tumor that shows heterogeneity relating to hypoxia, variation in response to treatment, risk of metastatic spread, and gene expression (4, 5, 10, 12 -15) . Additionally, the response of the primary cervical cancer to treatment has been shown to be a much more complex issue than simply relating outcome to clinical stage, tumor volume, or tumor hypoxia. Specifically, our previous research has shown that the primary cervix tumor maximal standardized uptake value (SUV Max ) on FDG-PET is predictive of disease prognosis and outcome irrespective of tumor stage or tumor volume (16, 17) . We have observed that this primary cervix tumor glucose metabolism (SUV signal intensity) from the FDG-PET image can vary greatly across the volume of individual cervical tumors (18) .
Our objective with this study was to quantitatively measure cervical intratumoral FDG metabolic heterogeneity, as observed on the pretreatment FDG-PET/computerized tomography (CT) and explore the relationship of this heterogeneity to treatment outcome. By analyzing the variation in glucose metabolism over the entire volume of the tumor, a differential of metabolic heterogeneity (H) was obtained, thus providing a single numerical value reflecting tumor heterogeneity. Heterogeneity was analyzed for its association with tumor and outcome measures, including tumor histology, risk of lymph node involvement at diagnosis, response to treatment, and recurrence risk.
Materials and Methods
Patients. This is a prospective cohort study of 72 patients with (Table 1) .
Treatment. All patients were treated with concurrent chemotherapy and radiation. FDG-PET/CT imaging was used to define the extent of the metabolically active disease for radiation treatment planning. The radiation was based on standard treatment practices of external IMRT irradiation and HDR brachytherapy for cervical cancer at Washington University in St. Louis (19) . Chemotherapy consisted of cisplatin (40 mg/m 2 weekly for six cycles). FDG-PET/CT technique and image analysis. FDG-PET/CT was done in all patients with a hybrid PET/CT scanner (Biograph LSO 2, Siemens Medical Solutions). The CT portion of the study was done without the administration of i.v. contrast. CT images (5-mm slices) were obtained from the base of skull through the proximal thighs at 130 kVp and 110 effective mA. PET images were obtained over the same anatomic extent beginning 42 to 120 min (median, 65 min) after the administration of 15 to 20 mCi FDG, with imaging times of 2 to 4 min/bed position, depending on patient weight. Serum glucose levels ranged from 75 to 187 (median, 105). Urinary tract activity was minimized by the placement of a Foley catheter before injection of FDG and by administration of furosemide and i.v. fluids after injection of FDG in most patients. PET images were scatter corrected and reconstructed using ordered-subset expectation maximization with the use of a postreconstruction Gaussian filter (5-mm full width half maximum).
PET/CT images were interpreted in standard clinical fashion, both separately and in a fused mode. PET/CT images were reviewed for abnormal FDG uptake at the primary tumor site, lymph node regions, and distant sites. The three-dimensional volume of the primary tumor was calculated and recorded using the 40% threshold method, as described previously (20) . Briefly, this method identifies tumor as any voxel in the three-dimensional data set with counts greater than a fixed threshold fraction of the peak activity in the tumor. The 40% threshold level was determined by optimized correlation with the CT dimensions of the primary tumor. A posttherapy FDG-PET/CT was done 3 mo after completing radiation treatment to evaluate response and any residual or progressive disease (21, 22) .
Heterogeneity evaluation. From each patient's FDG-PET/CT study, a threshold-volume curve (Fig. 1A) was generated. A region of interest was manually drawn to fully include the primary tumor and a surrounding region of normal tissue (normal background). FDG is excreted in the urine, and therefore, the urinary bladder activity was excluded from the region of interest. Image segmentation to determine the threshold values was done using an adaptive thresholding method to adjust for each patient's tumor and to account for variations in the image contrast and normal tissue background (23) . This process used the Siemens e.soft software. An optimized exponential function was calculated to fit to the threshold-volume curve (Fig. 1A) by minimizing the residuals and calculating thresholds from 0 to 100%, similar to the method of Erdi et al. (24) . The fitted curves (one for each patient) took the form of the following general equation:
wherein T is specific segmented threshold value, T O is threshold of the smallest segmented volume, k is volume rate constant, and V is tumor volume (cubic centimeters). To determine tumor heterogeneity, we next plotted tumor volume (V) resulting from the previously defined threshold values (T) as calculated in Eq. (A) (Fig. 1B) . Our previous work showed that the minimal threshold that represents the actual tumor volume for cervical cancer was 40%; therefore, all values of <40% were eliminated from the heterogeneity analysis (values of <40% represent normal tissue background activity and not tumor). In addition, all values of >80% were eliminated because the volumes were small and the partial volume effect was pronounced (25) . Typically, these volumes were <5 cm 3 . The linear regression curves (one for each patient) took the form of the following general equation:
Heterogeneity is therefore represented by the slope of the regression line in Fig. 1B . The increased steepness of this slope is indicative of increasing variability of glucose metabolism across the entirety of the volume of the tumor. Heterogeneity is therefore independent of the absolute volume and absolute value of the glucose uptake. Figure 2 shows the initial region of interest consisting of tumor and background normal tissue. The 40%, 60%, and 80% thresholds are shown. It is important to note that the %T volumes may not be contiguous throughout the entire volume of the tumor and that ''islands'' of increased glucose metabolism may occur.
In summary, the thresholds are firstly determined from a volume that includes both tumor and normal background tissue. Then, normal background tissue (T < 40%) was excluded. T > 80% was excluded because these values represent very small volumes (typically <5 cm 3 ). H is then calculated from %T versus V regression line. Outcome evaluation. Sites of lymph node involvement were evaluated on the initial diagnostic FDG-PET/CT. Patients had followup physical examinations approximately every 2 mo for the first 6 mo, every 3 mo for the next 2 y, and then every 6 mo. The FDG-PET/CT was repeated 3 mo after completion of treatment and then yearly or when warranted by clinical examination or symptoms. Disease status, including pelvic recurrences, distant metastatic disease, and death were recorded.
Statistical Analysis. Clinical-pathologic factors and outcome data were analyzed for correlation with tumor heterogeneity. Survival and tumor recurrence were measured from the completion of treatment. StatView, SAS Institute, Inc. Version 5.0.1 software was used for the analysis. P < 0.05 was set as the threshold for significance for all study outcomes. The Kaplan-Meier (product limit) method was used to derive estimates of survival based on total sample size (26) . Tests of equivalence of estimates of survival and stratification into high and low heterogeneity groups were done by the generalized Wilcoxon log-rank test (27) . Mann-Whitney nonparametric analysis (28) was used to evaluate the correlation between tumor heterogeneity on pretreatment FDG-PET and tumor histology, risk of lymph node metastasis at diagnosis, treatment response, and risk of pelvic recurrence.
Multivariate analysis was done using the Cox proportional hazards regression model to evaluate the effect of tumor heterogeneity and other risk factors on pelvic recurrence (29) . The Cox model used to evaluate pelvic recurrence outcome was done as a stepwise procedure using a P-to-enter value and a P-to-remove value of 0.05. The assumption of proportionality was tested and met. The time-dependent outcome variable that was tested was pelvic recurrence. Variables initially tested in the model included tumor and treatment-related factors believed to be of significance in this population of patients with advanced stage cervical cancer. The variables entered into the first model were clinical stage, pretreatment lymph node status, total radiation treatment time, and number of cycles of chemotherapy as predictors of pelvic recurrence. The forward stepwise procedure using a P-to-enter value and a P-to-remove value of 0.05 failed to allow total radiation treatment time and number of cycles of chemotherapy into the model (data not shown).
The next multivariate proportional hazards model was constructed using the remaining variables of clinical stage and pretreatment lymph node status. The variables of tumor volume, SUV Max , and heterogeneity were added to this second model. The forward stepwise procedure using a P-to-enter value and a P-to-remove value of 0.05 failed to allow clinical stage and pretreatment lymph node status to remain in the model. The final model that was constructed consisted of the variables: SUV Max , heterogeneity, and tumor volume.
Logistic modeling was also done to evaluate the three variables of SUV Max , heterogeneity, and tumor volume on the end point: posttherapy FDG-PET status as described in our previous paper (22) . Research. . At the time of last follow-up, 27 patients had developed recurrent disease, 45 were free of disease, 12 died from progressive disease, and 60 patients were alive (15 were alive with disease present). The sites of recurrence were pelvic recurrence only in 6 patients, distant metastases only in 11 patients, and 10 patients developed both a pelvic recurrence and distant metastases.
Tumor heterogeneity
Tumor-specific factors. Intratumoral heterogeneity, H, as measured by dV/dT from the regression analysis, showed a mean heterogeneity of -1.074 (range, -0.107 to -5.623). This represents a 50-fold intertumoral change in heterogeneity. A scattergram of these values, arranged according to clinical tumor stage, is shown in Fig. 3A . This shows the variability in heterogeneity among tumors of the same International Federation of Gynecology and Obstetrics clinical stage. The relationships between intratumoral heterogeneity and other tumor specific factors were evaluated. There was no significant association between tumor heterogeneity and SUV Max of the primary tumor (R 2 = 0.069). This is shown in Fig. 3B . The effect of the primary tumor volume on heterogeneity was also evaluated (Fig. 3C ). There was a trend for larger tumors to be more heterogeneous (R 2 = 0.881). There was no association between intratumoral heterogeneity and tumor histologic subtype (P = 0.4905). The relationship between lymph node status at diagnosis and cervical tumor heterogeneity was analyzed and showed that greater heterogeneity was associated with an increased likelihood of lymph node metastasis (P = 0.0009).
Tumor response and survival. The mean follow-up for all patients alive and free of disease at the time of last follow-up was 21.1 months (range, 7-61 months). Patients underwent an FDG-PET 3 months after completing chemoradiation to assess their metabolic response to treatment. Mann-Whitney analysis showed that tumor heterogeneity was significantly associated with tumor response to radiation (P = 0.0207), with greater heterogeneity being associated with increased risk of an incomplete metabolic response on the 3-month posttreatment FDG-PET/CT. Tumor heterogeneity was also significantly associated with the risk of tumor recurrence in the pelvis (P = 0.0017) and progression-free survival (P = 0.03; Fig. 4 ).
Cox proportional hazards modeling for pelvic recurrence showed that tumor volume, as determined by FDG-PET, was the most significant predictive factor of pelvic recurrence (P = 0.0003) with a hazard ratio of 1.015 (95% confidence interval, 0.999-1.033; Table 2 ). Tumor heterogeneity was the next most significant predictive factor of pelvic recurrence (P = 0.0035) with a hazard ratio of 1.074 (95% confidence interval, 0.476-2.422). SUV Max did not remain a significant predictor (P = 0.5713) in this model. The logistic model using the posttherapy FDG-PET as the time-independent end point showed FDG-PET tumor volume (P = 0.0110) and heterogeneity (P = 0.0325) as significant predictive factors for a positive posttherapy FDG-PET, but SUV Max was not predictive (P = 0.3755).
Discussion
We hypothesized that intratumoral metabolic heterogeneity of primary cervix tumors could be quantified and may be of prognostic significance. We found that FDG uptake varies across tumors, and this intratumoral heterogeneity is not significantly related to tumor stage, tumor histology, or primary tumor SUV Max . Nevertheless, it has some association to tumor volume. We found that cervical intratumor heterogeneity, as seen on pretreatment FDG-PET, predicts the risk of lymph node involvement at diagnosis, treatment response to radiation, risk of pelvic recurrence, and progression-free survival. Our group and others have shown the prognostic value of SUV Max . In particular, higher SUV Max levels predict a worse outcome (16, 17, 30, 31) . Our current work shows that intratumoral metabolic heterogeneity is a distinct predictive tool with no significant association with SUV Max . Additionally, with Cox multivariate analysis, the risk of pelvic recurrence was better predicted by heterogeneity than by SUV Max .
Cervical tumor response during therapy (32) and the absence of abnormal FDG uptake on the posttherapy PET (21, 22) are predictive of survival outcome. The current study found that high primary intratumoral heterogeneity at diagnosis was predictive of subsequent pelvic recurrence and was correlated with persistent tumor on the posttherapy PET image. Other researchers have found that lack of cervical tumor regression during therapy, as evaluated by physical examination, CT, and magnetic resonance spectroscopy, are associated with an inferior outcome (33 -36) . Achieving local control is critical to prognosis and overall survival, and having a biomarker at diagnosis predictive of treatment response could be very valuable.
This work is significant because it provides a novel, yet readily available, prognostic tool quantifying and relating intratumoral heterogeneity on FDG-PET at diagnosis to outcome measures. Some studies have shown the variation in tumor microenvironments with small changes in local heterogeneity. Other groups have shown intertumoral heterogeneity of FDG uptake for tumors (7, 9, 37) . However, only a few studies have been published evaluating the clinical significance of intratumoral heterogeneity and outcome measures. For head and neck cancer and non -small cell lung cancer, some preliminary data suggests radiation treatment outcome can be associated with kinetic behavior of 18F-MISO PET (38) . O'Sullivan and colleagues noticed that FDG heterogeneity of malignant sarcoma was associated with time to patient death (37, 39) .
We have shown that cervical tumors show metabolic heterogeneity on FDG-PET and that this heterogeneity correlates with various outcome measures, but the specific cause for this heterogeneity remains somewhat uncertain. Brown and colleagues found a relationship between FDG uptake in human non -small cell lung cancers and GLUT-1 expression by immunohistochemistry (40) . Mayer and associates were unable to show a positive relationship between GLUT-1 expression by immunohistochemistry and hypoxia in patients with advanced cervical cancer (41) . Other groups have suggested that FDG uptake may be correlated with hypoxia, cellular proliferation, and blood flow (7) . For head and neck cancers, it has been shown that high lactate levels correlate with worse survival, increased risk of metastasis (42) , and radiosensitivity (43) .
A possible limitation of our study may be the association of the intratumoral heterogeneity to tumor volume. It could be that a larger-volume tumor provides a greater opportunity for heterogeneity, or it could be that greater heterogeneity leads to larger tumors. Modeling studies have shown that under low tissue oxygen concentrations and anaerobic glycolysis, tumors develop more aggressive phenotypes with low apoptotic potential, which can lead to larger tumors (44) . Additionally, we noticed that some large-volume tumors showed a small amount of heterogeneity, whereas some smaller tumors showed significant heterogeneity. Clinical stage of disease is related to tumor volume; that is, tumor volumes tend to be greater for higher clinical stages of disease. Figure 3A is a scattergram of tumor heterogeneity that shows the variability of heterogeneity and clinical stage. In addition, one key feature of tumor heterogeneity is shown in Fig. 2 . These images show that increasing the thresholding level decreases the contoured volume and that these volumes are not contiguous (i.e., there are insular regions of high glucose metabolism). This noncontinuity is not taken into account in our current heterogeneity model, but we are developing a methodology to evaluate this property.
In analyzing radiation dose, tumor volume, and tumor control probability, Bentzen and Thames conclude that, ''because of heterogeneity in patient and tumor characteristics, the volume effect is less pronounced than would be expected from a simple proportionality between number of clonogens and volume.'' Our previously published clinical data supports this hypothesis. We have shown a radiation-dose-response relationship for patients with cervical cancer by tumor stage and that pelvic tumor cure plateaus at f85 Gy irrespective of tumor stage (45) . It seems that intratumoral heterogeneity provides additional information beyond volume, which helps clarify tumor behavior. The next steps to investigating tumor heterogeneity as a prognostic factor include validating this metric on a new group of patients, developing other metrics for measuring gross tumor FDG heterogeneity, and further investigating the biological mechanism causing this cervical tumor heterogeneity on FDG-PET. This may lead to prospectively targeting patients with high heterogeneity cervical tumors with more aggressive therapy.
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